Rationale and objectives Amphetamine-induced sensitization is thought to involve dopamine D 1 receptors. Using mice lacking dopamine D 1 receptors (D 1 −/− ), we found that they exhibited blunted sensitization to low doses of amphetamine, while others using different treatment and testing regimens reported inconsistent results. We investigated whether experimental variables, alteration in gene expression or cholinergic input played a role in amphetamine-induced responses. 
Introduction
Repeated administration of amphetamine results in augmentation of its behavioral effects, a phenomenon known as behavioral sensitization (Kalivas and Stewart 1991) and has been implicated in drug self-administration in animals and in human drug addiction (Robinson and Berridge 1993) . Increased dopaminergic neurotransmission in the dorsal and ventral striatum has been implicated in locomotor stimulation and sensitization induced by psychostimulants in rodents and humans (Di Chiara and Imperato 1988; White and Kalivas 1998; Vanderschuren and Kalivas 2000; Vezina 2004; Boileau et al. 2006) . In rodents, D 1 -and D 2 -like receptors have been shown to modulate locomotor stimulation and sensitization induced by amphetamine (Ross et al. 1989; Kuribara 1995; Vezina 1996; O'Neill and Shaw 1999) . However, it has been reported that moderate doses of amphetamine activate D 1 rather than D 2 receptors (Ferger et al. 1994) and that repeated amphetamine administration leads to supersensitivity of the D 1 receptor in the nucleus accumbens (Wolf et al. 1994; White and Kalivas 1998) . This evidence suggests a prominent role of the D 1 receptor in the neurochemical and behavioral adaptation involved in the induction and expression of sensitization by amphetamine (Pierce et al. 1996; Vezina 1996; White and Kalivas 1998) . Indeed, amphetamine-induced locomotor sensitization has been associated with enhanced dopamine D 1 receptormediated signal transduction pathways including activation of several protein kinases (Pierce et al. 1996; Hu et al. 2002; Licata and Pierce 2003) , neuroadaptations that involve alterations in the phosphorylation of transcription factors such as CREB (Turgeon et al. 1997) , and changes in the expression of neurotrophins, including fibroblast growth factors (Flores et al. 2000 ) and brain-derived neurotrophic factor (BDNF; Meredith et al. 2002) . Furthermore, interactions between the dopaminergic system and other neurotransmitters including the cholinergic system have also been implicated in amphetamine-induced locomotor sensitization. For example, activation of central cholinergic nicotinic receptors increases dopamine neurotransmission in the nucleus accumbens (Di Chiara and Imperato 1988; Vezina et al. 1992; Marshall et al. 1997; Shim et al. 2001 ) and profoundly enhances nicotine-and amphetamine-induced behavioral sensitization (Birrell and Balfour 1998; Schoffelmeer et al. 2002) . In addition, numerous studies have indicated that amphetamine and D 1 receptor agonists increase, whereas D 2 receptor agonists decrease acetylcholine (ACh) overflow in the striatum (DeBoer and Abercrombie 1996; Acquas et al. 1997) and that augmentation of striatal ACh efflux seen after amphetamine challenge in animals withdrawn from chronic amphetamine was correlated with the expression of behavioral sensitization observed in these animals and hypothesized to be through activation of D 1 receptors (Bickerdike and Abercrombie 1997) . Other behavioral studies have indicated that ACh is indeed critical for the development of behavioral sensitization, but may not be involved in the expression of this phenomenon (Heidbreder and Shippenberg 1996; Schoffelmeer et al. 2002) .
Taken together, these findings suggest that amphetamineinduced sensitization is a complicated process involving the interplay between neurotransmitters, neuropeptides, and trophic factors. However, the direct involvement of the D 1 receptor in amphetamine-induced alteration in gene expression and in dopaminergic-cholinergic interactions during acute and repeated amphetamine treatment has not been well established in mice. We, as well as others, have shown that D 1 −/− mice were able to exhibit locomotor stimulation and develop and express behavioral sensitization to a range of high doses of amphetamine (3-8 mg/kg), though it was less than in control mice in some cases (El-Ghundi et al. 1997; Karper et al. 2002; Xu et al. 2000) . However, studies on the responses of D 1 −/− mice to low doses of amphetamine yielded inconsistent results. Acute exposure to low doses (1 mg/kg) of amphetamine failed to induce locomotor stimulation in both genotypes (Karper et al. 2002; Xu et al. 2000) , whereas acute exposure to 2 mg/kg caused locomotor stimulation in D 1 +/+ , but not D 1 −/− mice (Xu et al. 2000) .
Another report showed that acute exposure to 2 mg/kg amphetamine did not affect the activity in both genotypes, but repeated exposure for 5 days caused enhanced locomotor responses in D 1 +/+ , but not in D 1 −/− mice.
However, both genotypes expressed sensitization after 3 days of abstinence, although it was less robust in D 1 −/− mice (Crawford et al. 1997) . Another study reported that repeated exposure to amphetamine (1 and 2 mg/kg) for seven consecutive days failed to induce locomotor sensitization in both genotypes, but when challenged with 1 mg/kg amphetamine after 3 and 17 days of abstinence, both genotypes expressed sensitization (Karper et al. 2002) . In contrast, we have found that short-term repeated exposure to 1 mg/kg amphetamine caused locomotor stimulation and sensitization in D 1 +/+ mice, but not in D 1 −/− mice (El-Ghundi et al. 1997) . The apparent discrepancy in these results may, in part, be explained by variable treatment paradigms and differences in genetic background but nevertheless clearly suggests that induction (development) of sensitization during repeated treatment with low doses was abolished in D 1 −/− mice, whereas the expression of sensitization could occur under certain experimental protocols, as has also been reported for cocaine sensitization (Karlsson et al. 2008) . Therefore, we focused on using low doses to investigate whether this impairment could simply be related to the treatment regimen and abstinence period that were appropriate for the induction and expression of sensitized responses in D 1 +/+ mice, but were inadequate for induction and/or monitoring for detection of any sensitized responses in the D 1 −/− mice.
Alternatively, we investigated whether altered dopamine D 1 receptor-mediated gene expression or altered interaction with the cholinergic system plays a role in attenuating amphetamine-induced effects in D 1 −/− mice.
In the present study, we used congenic D 1 −/− and D 1 +/+ mice to address the following issues: (1) role of D 1 receptors in the development and expression of sensitization to low doses of amphetamine under variable treatment and testing regimens, (2) whether accompanying neuroadaptive changes in gene expression after acute and repeated amphetamine treatments would correspond with the presence or absence of behavioral sensitization, and (3) whether direct manipulation of ACh release by nicotine receptor activation could enhance amphetamineinduced locomotor sensitization. In the first part of this study, experiments 1-2 were designed to replicate the acute and sensitizing effects of low doses of amphetamine on locomotor activity under variable conditions of treatment and abstinence. Mice from both genotypes were used for the determination of amphetamine-induced gene expression of p-CREB and BDNF following acute and repeated amphetamine treatment. In the second part of this study, we investigated the possible role of cholinergic neurotransmission in amphetamine-induced locomotor activity and behavioral sensitization. We postulated that attenuated induction of amphetamine sensitization in D 1 −/− mice could relate to reduced D 1 receptor-mediated striatal ACh release. Therefore, it was hypothesized that enhancing the cholinergic neurotransmission through direct activation of the nicotinic receptor, and thereby bypassing the direct involvement of the D 1 receptor, would restore or enhance amphetamine sensitization in D 1 −/− and D 1 +/+ mice, respectively. This hypothesis was tested in experiments designed to study whether impaired induction of sensitization seen in D 1 −/− mice could be reversed by longterm nicotine pretreatment. A follow-up study was designed to evaluate the effects of nicotine receptor blockade on amphetamine-induced sensitization at least in wild-type mice to verify the involvement of the cholinergic system.
Materials and methods

Animals
Mice with a mixed genetic background (129/Sv×C57BL/ 6J; Drago et al. 1994) were backcrossed into the C57BL/6J strain for 11 generations to establish a congenic generation of mice lacking the dopamine D 1 receptor and wild-type littermates. Genotypes were determined by PCR analyses of genomic DNA extracted from a small piece of each mouse's ear (Miner et al. 1995) . Only male mice, 6-8 months of age, were used in all studies. They were housed in groups of three per cage in a temperaturecontrolled room (22°C) with free access to food and water. All mice were maintained on a reversed 12-h dark/light cycle. In addition to food pellets, all mice were fed hydrated mouse meal twice per week at weaning age. Animal care and experimental procedures were approved by the Canadian Council for Animal Care.
Habituation procedure All animals were initially habituated to the new testing environment, activity cages, and injection procedures. This habituation period was intended to reduce the amount of stress-evoked spontaneous activity in reaction to novelty and injection procedure. In all studies, before habituation to activity cages, mice were habituated to the novel environment. They were brought to the experimental room in their original home cages with their cage mates and were gently handled for at least 5 min per day. During the habituation period to the activity cages (1-2 days), mice (all cage mates) were initially put together in the activity cages for 1-2 h, during which time they were gently handled. On the following days, mice chosen for the experiment were brought in individual transporting cages to the experimental room and left individually in the activity cages for 1-2 h daily for 3-5 days. During habituation to injections, mice were injected with saline and left in the activity cages for 1-2 h daily for 2-5 days. As a control experiment for measuring baseline locomotor activities, mice were initially habituated to the activity cages for 1-h daily sessions for 8 days (without injection) then for 10 days following saline injection. Ambulatory activities for all mice were monitored every 5 min during 1-to 2-h sessions that began 5 min after placing the mouse into the cage. After stabilization of locomotor activity, drug-induced locomotor effects were tested. On test days, motor activity was monitored for all mice during 1-h habituation to the activity cages following saline injection, which served as baseline activity, and again after saline or drug treatment. In other protocols, locomotor activity was recorded following saline or drug treatment without saline pretreatment habituation. All sessions were conducted during the dark phase of the dark/light cycle in a room illuminated with a dim red light.
Apparatus
For all experiments, multiple indices of spontaneous locomotor activity were assessed using the same set of eight automated transparent Plexiglas cages (42× 20× 20 cm) covered with filter tops and contained corn cob bedding just enough to cover the floors. These cages were enclosed in custom-made horizontal frames equipped with two parallel bottom and two parallel upper arrays of 16 infrared photobeam sensors (1 in. apart). The upper and lower sensors were 2 in. apart, and the bottom and top sensors were 0.75 and 2.75 in.
off the cage floor, respectively. All activity cages were connected to a microprocessor counter linked to a computer that recorded photocell beam breaks. Ambulation (expressed as number of beam interruptions) was measured every 5-min intervals.
Drugs d-Amphetamine sulfate, nicotine hydrogen tartrate, and mecamylamine hydrochloride (Sigma-Aldrich Canada Ltd.) were dissolved in isotonic saline and expressed as free base. Amphetamine and mecamylamine were injected intraperitoneally in a volume of 1 ml/kg, and nicotine was injected subcutaneously in a volume of 5 or 10 ml/kg. All doses were selected for their demonstrated optimal non-stereotypic effects based on our preliminary data and as reported in our previous studies (El-Ghundi et al. 1997) and in several other published data.
Locomotor effects of amphetamine
Because of the discrepancy in the reported responses of D 1
mice to low doses of amphetamine-induced locomotor stimulation and sensitization, we sought to determine whether methodological variables (i.e., duration and frequency of drug treatment and drug abstinence) played a role in the extent of induction and expression of sensitization to amphetamine. Two independent studies were conducted using multiple experimental approaches.
Experiment 1: Amphetamine sensitization under variable treatment and testing regimen
This experiment was conducted to determine the effect of several experimental parameters (consecutive and intermittent treatments, pretreatment habituation, multiple challenge doses, and cumulative drug abstinence periods) to allow monitoring for detection of sensitization. All mice were habituated to activity cages without injection (1 h daily for 3 days) and after saline injections (2 h daily for 5 days). On test days (days 1-3), two groups from each genotype (n=8 per group) were habituated to the activity cages after saline injection followed 1 h later by administration of either saline (S + S, for saline groups) or 1 mg/kg amphetamine (S + A 1 , for treatment groups; see diagram in Fig. 1 ). Following injections, each mouse was immediately returned to its activity cage, and its locomotor activity was recorded 5 min after injection for 1 h. On day 25, after 3 weeks of drug-free period in their home cages, all mice were habituated to the activity cages for 1 h following saline injections (baseline activity), then amphetamine pretreated mice were challenged with amphetamine (1 mg/kg), whereas saline-pretreated mice were injected with saline and their activity monitored for 1 h. Since D 1 −/− mice did not express sensitization to the locomotor stimulant effect induced by amphetamine compared to D 1 +/+ mice, it was possible that the challenge dose was too high that produced a ceiling effect based on the fact that these mice have elevated basal level of dopamine (ElGhundi et al. 1998) or that either or both the treatment and abstinence duration were inappropriate for D 1 −/− mice to develop and express sensitization. Therefore, we investigated whether any one of these possibilities was of outstanding importance in altering responses of D 1 −/− mice to amphetamine. We addressed these issues in the same experiment by challenging with a lower dose then extending the treatment for two more days spaced by drug-free periods and a final challenge after a shorter period of abstinence. First, we tested whether a low-dose challenge with amphetamine (0.55 mg/kg) given 1 day after the last treatment (day 27) would result in exaggerated locomotor responses in these mice that were pretreated with a higher dose. Then, after 5 days of drug-free period, mice were given two additional saline or amphetamine treatments (days 33 and 35) followed by a final challenge test after 11 days of abstinence (day 47). All sessions were preceded by saline pretreatment habituation except on day 33; mice were treated with either saline or amphetamine (1 mg/kg) directly without the usual saline pretreatment habituation in an effort to test whether pre-habituation period following saline injection played a role in dampening their motor responses to amphetamine. On drug-free days in between treatments, all mice were left undisturbed in their home cages. In a duplicate experiment, mice were treated identically, except that on day 25, all mice were challenged with amphetamine following saline pretreatment and were killed 2 h after the last amphetamine treatment, and their brains were used for Western blot analyses. ) treatments during the first and second hours except on day 33; mice were given their respective treatments during the first hour. In between treatment days, mice were left undisturbed in their home cages Experiment 2: Amphetamine sensitization after short-term treatment (3 days) and 11 days of abstinence Based on the results of the above experiment, it was not clear whether prolonged intermittent treatment or cumulative periods of abstinence have contributed to expression of sensitized responses in D 1 −/− mice. It is possible that the treatment regimen (three consecutive days) or abstinence period (3 weeks) that were appropriate for the D 1 +/+ mice were inadequate for expression of sensitized responses in the D 1 −/− mice. Therefore, we sought to determine whether sensitized responses to amphetamine could be detected in D 1 −/− mice after a shorter abstinence period. In this experiment, the treatment duration was kept constant (three consecutive days), but the abstinence period was changed to 11 days instead of 3 weeks. Two groups of D 1 −/− mice and two groups of D 1 +/+ mice (n=8 per group) were habituated to activity cages for 2 h daily for 5 days and following saline injections twice daily for 2 days. Following stabilization of activity, one group from each genotype was treated with saline and another group with amphetamine (1 mg/kg) for three consecutive days. After 11 days of abstinence, during which mice were left undisturbed in their home cages, all mice were pretreated with saline (baseline activity) 1 h before they were challenged with amphetamine (1 mg/kg). Locomotor activities were recorded for 1 h following saline and amphetamine treatments.
Amphetamine-induced gene expression: Western blot analysis
As a duplicate of experiment 1, mice from both genotypes (n = 8 per group) were treated with either saline or amphetamine (1 mg/kg) for three consecutive days and were challenged with amphetamine after 3 weeks of abstinence, killed 2 h later, and their brains were processed for immunoreactivity to p-CREB and BDNF. Drug-naïve mice (n=12 per genotype), habituated to activity cages for 3 days and to saline injections for 5 days, were also killed following the last saline injection and used as control groups for baseline levels. Striatal tissues were dissected and homogenized in RIPA buffer (Santa Cruz 24948 containing 1× PBS, Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail, and phosphatase inhibitor sodium orthovanadate). Homogenates were incubated on ice for 30 min and centrifuged at 14,000×g for 20 min at 4°C. Protein concentration in the supernatant was determined by the Bradford assay. Samples of boiled supernatant protein (30 μg) were loaded on 12% or 16% Tris glycine gel, electrophoresed, and electrotransferred onto nitrocellulose or polyvinylidene fluoride membranes (Pall Canada Limited). Blots were blocked with 5% non-fat dry milk dissolved in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at room temperature and then incubated overnight with the respective primary antibodies against either BDNF (1:1,000, Santa Cruz, CA, USA) or p-CREB (1:1,200, Upstate Cell Signalling, NY, USA). Blots were then washed in TBS-T and incubated with horseradish peroxidase (IgG)-conjugated secondary antibody (1:5,000, Chemicon International, Temecula, CA, USA) and visualized by enhanced chemiluminescence detection reagent (Amersham Biosciences, Canada). For loading control, blots were probed with glyceraldehyde 3-phosphate dehydrogenase antibody (anti-GAPDH, 1:20,000; Abcam, Cambridge, MA, USA). Each band intensity was quantified using the MCID digital densitometry system and normalized to its respective GAPDH loading control.
Effect of nicotine pretreatment on locomotor effects of amphetamine
Based on the results from the above two experiments, it was clear that induction of amphetamine-induced sensitization (days 1-3) was impaired in D 1 −/− mice compared to D 1 +/+ mice. Therefore, since it is well known that nicotine pretreatment potentiates the behavioral effects of amphetamine (Schoffelmeer et al. 2002) and that ACh is critical for the development of behavioral sensitization (Heidbreder and Shippenberg 1996; Schoffelmeer et al. 2002) , we investigated whether nicotine pretreatment could reverse the blunted induction of amphetamine sensitization in D 1 −/− mice. In a follow-up experiment, we tested the effect of nicotinic receptor blockade by mecamylamine (a central and ganglionic nicotinic receptor antagonist) on the development of behavioral sensitization to verify the involvement of the cholinergic system in the induction of sensitization to amphetamine at least in the D 1 +/+ mice.
Experiment 1: Prolonged nicotine pretreatment
Mice were habituated to activity cages (1 h daily for 5 days) and following saline injections (1 h daily for 5 days). Two groups of D 1 −/− mice and two groups of D 1 +/+ mice (n=8 per group) were given either saline or nicotine (0.25 mg/kg) treatment for five consecutive days, and their activity was monitored during each session (see diagram in Fig. 2 ). All mice were challenged with nicotine (0.25 mg/kg) after 3 weeks of abstinence (day 29). It is important to note that during nicotine treatment and the challenge test, no locomotor stimulation or sensitization was observed in both genotypes, but instead, mice exhibited locomotor depression and signs of sickness; therefore, we gradually reduced the dose of nicotine and prolonged the treatment intermittently to test if mice would develop tolerance to the locomotor depression and exhibit locomotor stimulation. Following 2 days of abstinence from the last challenge test, mice pretreated with nicotine were given additional nicotine treatments (while saline-pretreated mice received saline); these include 0.18 mg/kg daily for 2 days (spaced 1 day apart) followed by two challenge tests for all mice with nicotine 0.09 and 0.04 mg/kg separated by 12 days of abstinence. Then 5 days after the last challenge test, mice in the nicotine group were given four additional doses of nicotine 0.04 mg/kg every third day followed by a challenge test for all mice with 0.04 mg/kg 10 days later. At this stage of the experiment, no locomotor stimulation was observed in mice pretreated chronically with nicotine; therefore, the dose of nicotine was increased. This includes five doses of nicotine (0.4 mg/kg) every third day 1 week after the last nicotine treatment followed 3 weeks later by two challenge tests for all mice with nicotine 0.4 and 0.2 mg/kg separated by 18 days of abstinence. To test whether nicotine pretreatment have sensitized the mice to amphetamine-induced locomotor stimulation, all mice were challenged, for the first time, with amphetamine. We first used a low dose (0.7 mg/kg) because we previously found that it was ineffective in stimulating locomotion in both genotypes (unpublished data) to allow for detection of sensitized responses following nicotine pretreatment. All mice were treated with amphetamine (0.7 mg/kg) 1 week after the last nicotine treatment then 5 days later received amphetamine (1 mg/kg) for three more days separated by 13 and 8 days, respectively. This spaced amphetamine treatment, which usually does not induce sensitization under normal conditions, was chosen to verify whether the mice that exhibited exaggerated responses to a low dose of amphetamine were indeed sensitized by nicotine pretreatment and that this sensitization was long-lasting and not transient. All sessions were preceded by measurement of baseline activity for 1 h following saline injections. In between treatments, mice were left undisturbed in their home cages.
Experiment 2: Effect of nicotine receptor blockade on amphetamine sensitization
Two groups of D 1 −/− mice and two groups of D 1 +/+ mice (n=6 per group) were habituated to the activity cages for 3 days and to saline injections for 4 days. On test days, all mice were injected with saline and their baseline activity monitored for 1 h, then one group of mice from each genotype was injected again with saline and the other group was injected with a nicotinic receptor antagonist mecamylamine (3 mg/kg) and immediately placed back in the activity cages. Both saline and mecamylamine injections were followed 10 min later by amphetamine injection (1 mg/kg), and locomotor activity for all mice was monitored again for 1 h. This treatment regimen lasted for three consecutive days (for the sake of comparisons to amphetamine sensitization experiments 1 and 2, see above). All mice were left undisturbed for 3 weeks (drugfree), after which they were first challenged with saline and their baseline activity monitored for 1 h, after which they were challenged with amphetamine (1 mg/kg) and their activity monitored for 1 h.
Data analysis
Activity counts were recorded and averaged (mean ± SEM) for each group. Two-way analysis of variance (ANOVA) for repeated measures was used to examine the overall effect of genotype, drug treatment, and days of treatment. In cases of significant interaction effects, it was followed by one-way ANOVA and post hoc Duncan's range test to determine statistical significance at P<0.05. Other variables within groups were analyzed by paired Student's t tests. Fig. 4a ). Because of a significant genotype difference in baseline activity, comparisons of locomotor activity were made between saline-treated vs. amphetamine-treated groups for each genotype as shown in Fig. 4b , c.
Results
Baseline
Acute exposure to amphetamine (1 mg/kg) had no effect on activity in both genotypes. Repeated exposure to amphetamine (1 mg/kg) for three consecutive days (days 1-3) enhanced locomotor activity in D 1 +/+ mice upon the second exposure (day 2) compared to saline-treated mice [F(1,14 (Fig. 4b) . In contrast, similarly treated D 1 −/− mice failed to exhibit locomotor stimulation or sensitization over a 3-day period (days 1-3) and after 3 weeks of abstinence (day 25; Fig. 4c ). These results indicated that D 1 −/− mice were either insensitive or oversensitive to the locomotor stimulating and sensitizing effects of 1 mg/kg amphetamine. Therefore, all mice were challenged with a lower dose of amphetamine (0.55 mg/kg) on day 27 (data not shown) to rule out the possibility of a ceiling effect or intense stereotypy. Exposure to 0.55 mg/kg did not produce overall locomotor stimulation in either genotype. Therefore, amphetamine treatment (1 mg/kg) was extended for two more days (days 33 and 35), followed by a challenge test with amphetamine (1 mg/kg) after 11 days of abstinence (day 47). Interestingly, on day 33, when all mice were given only one session to receive their respective treatment without prior saline pre-habituation session, responsivity to amphetamine was enhanced substantially in amphetamine-pretreated Amphetamine challenge after 11 days of abstinence had no significant effect on saline-pretreated mice from both genotypes. In contrast, amphetamine-pretreated D 1 +/+ mice maintained locomotor stimulation and sensitization compared to saline-pretreated mice [F(1,14)=8.4, P<0.01] (Fig. 4b, right panel) or compared to their own response to saline 1 h prior to amphetamine [F(1,14) =45.56, P<0.0001] (Fig. 4b, left panel) , whereas amphetamine-pretreated D 1 −/− mice were able to express locomotor sensitization in response to amphetamine challenge (day 47) when compared to their own response to saline [F(1,14) =6.7, P<0.02] (Fig. 4c, left panel) , but not when compared to salinepretreated D 1 −/− mice (Fig. 4c , right panel).
Experiment 2: Amphetamine sensitization after short-term treatment (3 days) and 11 days of abstinence Although D 1 −/− mice did express sensitization to amphetamine under certain conditions, based on the results from the above experiment, it was not clear whether it was the treatment regimen or the period of abstinence that was important. Therefore, in order to distinguish between these possibilities, the treatment duration was kept constant (three consecutive days) but without saline pretreatment habituation, while the abstinence period was changed to 11 days instead of 3 weeks. Mice were injected with either saline or amphetamine (1 mg/kg) for three consecutive days. Amphetamine initially (day 1) caused a slight increase in horizontal activity that was not significant in D 1 +/+ mice, but had no effect in D 1 −/− mice as compared to their saline-treated controls (Fig. 5a ). Following repeated amphetamine injections for two more consecutive days, overall locomotor activity was enhanced in D 1 +/+ mice compared to saline-treated mice as revealed by a significant effect of treatment on day 2 [F(1,14)=14.01, P< and D 1 −/− mice, respectively (Fig. 5b) .
Amphetamine-induced gene expression
Western blot analyses indicated that in naïve mice, the basal expression level of p-CREB was significantly enhanced in D 1 −/− mice (P<0.02) compared to D 1 +/+ mice following saline injection (Fig. 6a, b) . Immunoreactivity to BDNF in the striatum was visualized by Western blot analysis as doublet bands migrating together with a molecular mass of ∼14 and 12 kDa (Fig. 7a) and were also observed in other brain regions including the hippocampus, hypothalamus, and frontal cortex. The lower band may correspond to different posttranslational modification of the protein or may represent a degradation product. Since the nature of the lower band is not known, quantification of band density was assessed using the upper band as well as both bands as shown in Fig. 7b .
Our results showed no significant genotype difference in the basal expression level of BDNF following saline injection. Also, acute or repeated amphetamine treatment did not significantly alter the expression of BDNF in either genotype; although there was a slight trend toward a lower expression level in D 1 −/− mice, it did not reach a statistical significance (Fig. 7a, b) .
Effect of nicotine pretreatment on locomotor effects of amphetamine
Experiment 1: Prolonged nicotine pretreatment
Although D 1 −/− mice were able to express locomotor sensitization to amphetamine under certain conditions, they failed to develop sensitization following repeated amphetamine treatment for three consecutive days, a regimen that was sufficient to induce locomotor stimulation and sensitization in D 1 +/+ mice. Therefore, based on the reported role of nicotine pretreatment in potentiating the behavioral effects of amphetamine and the critical involvement of ACh in the development of behavioral sensitization, we determined whether enhanced cholinergic activity via the nicotinic receptor could enhance the locomotor effects and induction of sensitization to low doses of amphetamine that previously had no effect in D 1 −/− mice when given acutely or repeatedly (this study and unpublished data). In this experiment, mice from both genotypes were chronically pretreated with nicotine then were challenged with amphetamine. Repeated administration of variable doses of nicotine (ranging from 0.04 to 0.2 mg/kg) for a total of 22 treatment days failed to induce locomotor stimulation in any of the genotypes (Fig. 8) , but instead caused a brief (5-10 min) locomotor depression that was apparent in both D 1 +/+ and D 1 −/− mice (data not shown).
We tested whether nicotine pretreatment could enhance locomotor responses to low doses of amphetamine. Since basal activity of D 1 −/− mice was significantly higher than that of D 1 +/+ mice, comparisons were made between salinevs. amphetamine-pretreated groups from each genotype as shown in Fig. 8a , b.
Acute amphetamine (0.7 mg/kg) challenge 1 week after the last nicotine injection caused a brief (30 min) but significant locomotor stimulation in nicotine-pretreated compared to saline-pretreated D 1 −/− mice or to their own response to saline pretreatment (Fig. 9a) . Repeated measures ANOVA detected a significant main effect of pretreatment (saline-pretreated group vs. nicotine-pretreated group) during the first 30 min following amphetamine challenge [F(1,14)=10.70, P<0.01] and a significant effect of challenge drug (saline first hour vs. amphetamine second hour) only in nicotine-pretreated D 1 −/− mice [F(1,14)=6.23, P< 0.04], but not in saline-pretreated D 1 −/− control mice. In contrast, the initial exposure to amphetamine (0.7 mg/kg) caused locomotor depression in both saline-and nicotinepretreated groups of D 1 +/+ mice compared to their baseline activity following saline administration 1 h prior to amphetamine treatment (Fig. 9a) . However, locomotor depression was less pronounced in the nicotine-pretreated D 1 +/+ mice. ANOVA detected a significant main effect of treatment (saline first hour vs. amphetamine second hour) (Fig. 9b) . It is important to note that saline-pretreated mice in both genotypes were not naïve to nicotine treatment since they were intermittently challenged six times with variable doses of nicotine (see diagram in Fig. 2 ).
Experiment 2: Effect of nicotine receptor blockade on amphetamine sensitization
In another effort to further investigate the contribution of the cholinergic system to behavioral sensitization to amphetamine, we tested whether blockade of the nicotinic receptor by mecamylamine during amphetamine treatment would attenuate the induction of sensitization at least in the D 1 +/+ mice. Following saline treatments for 4 days, D 1 −/− mice maintained significantly enhanced basal locomotor activity than D 1 +/+ mice (P<0.0001). On day 1, overall activity in D 1 +/+ mice was not significantly altered following the co-administration of mecamylamine and amphetamine [although there was a significant increase (P<0.02) in activity during the last 20 min] or coadministration of saline and amphetamine compared to their baseline activity following saline pretreatment 1 h prior to drug treatments (Fig. 10a) . In contrast, overall activity of D 1 −/− mice was not significantly altered following co-administration of mecamylamine and amphetamine, whereas their activity following co-administration of saline and amphetamine was significantly reduced only during the last 20 min [F(1,10)=7.23, P<0.02] compared to (Fig. 10a) .
Following the second exposure to amphetamine (day 2), D 1 +/+ mice exhibited augmented locomotor activity following co-administration of either mecamylamine and amphetamine [F(1,10) = 39.30, P < 0.0001] or saline and amphetamine [F(1,10) = 7.94, P < 0.02]. ANOVA detected a significant main effect of treatment (mecamylamine + amphetamine vs. saline + amphetamine) on overall activity in D 1 +/+ mice [F(1,10) = 7.52, P < 0.02] (Fig. 10a) . Post hoc analysis indicated that amphetamine-induced locomotor stimulation was greatly enhanced by its co-administration with mecamylamine than with saline. In contrast, D 1 −/− mice failed to show any response to amphetamine with any of these treatment combinations (Fig. 10a) . On day 3 of repeated amphetamine treatment, D 1 +/+ mice maintained sensitized locomotor responses following co-administration of mecamylamine and amphetamine [F(1,10) = 39.33, P < 0.0001] or co-administration of saline and amphetamine [F(1,10) = 20.93, P < 0.001] compared to their activity following saline pretreatment. Moreover, analysis of horizontal activity every 5 min revealed a significant enhancement during the last 20 min of the session following co-administration of mecamylamine and amphetamine compared to co-administration of saline and amphetamine in D 1 +/+ mice [F(1,10) = 4.85, P < 0.05]. In contrast, overall activity of D 1 −/− mice was not significantly increased following either of the two treatment combinations, although there was a trend towards a higher activity in these mice following coadministration of mecamylamine and amphetamine (Fig. 10a) . Moreover, when challenged with amphetamine after 3 weeks of abstinence, both (Fig. 10b) . Sensitized responses to amphetamine was apparent only in D 1 +/+ mice pretreated with saline and amphetamine [F(1,10) = 21.62, P < 0.001], but not in similarly treated D 1 −/− mice (Fig. 10b) . 
Discussion
This study highlights two main findings. Firstly, although sensitization to a low dose of amphetamine is severely blunted in D 1 −/− mice, it can be expressed in these mice under certain conditions depending on the duration of treatment and the abstinence period. Secondly, the inability of D 1 −/− mice to develop amphetamine sensitization, after short-term repeated treatment, could be reversed by nicotine pretreatment. We have demonstrated that induction of behavioral sensitization following short-term repeated exposure to amphetamine (1 mg/kg) and its expression after 3 weeks of abstinence was significantly impaired in D 1 −/− mice.
However, the expression of sensitization to amphetamine in these mice was facilitated by several manipulations including prolonged intermittent treatment and/or abstinence periods shorter than 3 weeks. Furthermore, the basal level of expression of p-CREB was significantly upregulated in D 1 −/− mice compared to D 1 +/+ mice and was significantly lowered by repeated amphetamine treatment, whereas no significant changes were detected in the expression of BDNF in either of the genotypes under basal or amphetamine treatment conditions. Most importantly, we report for the first time that nicotine pretreatment augmented locomotor responses in D 1 +/+ mice and reversed the insensitivity of D 1 −/− mice to low doses of amphetamine.
Locomotor effects of amphetamine
We have shown that short-term (3 days) repeated exposure to amphetamine (1 mg/kg) produced significant locomotor stimulation and sensitization during the induction phase and following 3 weeks of abstinence in D 1 +/+ mice but not in D 1 −/− mice. Thus, under these conditions, absence of the dopamine D 1 receptor significantly impaired development and expression of sensitized responses to amphetamine in D 1 −/− mice and suggests that the dopamine D 1 receptor contributes to overall locomotor activity induced by amphetamine upon short-term exposure. A similar conclusion was reported in dopamine D 2 receptor-deficient mice with reduced stimulatory effects of acute methamphetamine but enhanced sensitization comparable to wild-type mice when treated every 48 h for 4 days and challenged 2 days later (Kelly et al. 2008) . It was concluded that the dopamine D 2 receptor acts in concert with D 1 -like receptors in the mechanisms underlying methamphetamine stimulation and sensitization, although the D 1 receptor serves a more critical function than the D 2 receptor in the acquisition phase. Recently, we have provided evidence that D 1 and D 2 receptors function together in a hetero-oligomeric complex to generate a novel signaling pathway that elevates intracellular calcium levels when co-activated (Lee et al. 2004; So et al. 2005; Rashid et al. 2007 ). Therefore, we postulate that sensitization to amphetamine, under conditions of short-term exposure and long abstinence period, may result from activation of the D 1 -D 2 hetero-oligomer, so lacking one constituent receptor could have altered amphetamineinduced locomotor stimulation and sensitization. Having established that D 1 −/− mice failed to develop and express sensitization compared to D 1 +/+ mice in our study (up to day 25), we investigated whether different experimental variables including a lower dose amphetamine challenge, pre-habituation influence on motor responses, additional amphetamine treatments, or shorter abstinence periods would enhance responsiveness of D 1 −/− mice to amphetamine. Further challenge with a lower dose of amphetamine (0.55 mg/kg) in mice pretreated with amphetamine (1 mg/kg) did not produce any stimulant or sensitizing effect in any of the groups from both genotypes. Others have shown that challenge with amphetamine 0.5 mg/kg produced sensitizing effects only after 28 days (but not 2 and 7 days) of abstinence in animals pretreated with escalating doses of amphetamine (1 to 10 mg/kg; Paulson and Robinson 1995) . This evidence indicates that the abstinence period and the challenge dose following amphetamine pretreatment are critical variables that must be considered in studying behavioral sensitization.
Having established that a lower dose challenge was ineffective in both genotypes, we extended the treatment for two more days before a final challenge. At this phase, we also tested whether the pre-habituation period following saline injection played a role in dampening their motor responses to amphetamine especially in D 1 −/− mice.
Interestingly, following a direct treatment with amphetamine without saline pretreatment habituation (day 33, first hour), locomotor responses of both D 1 +/+ and D 1 −/− mice to amphetamine were enhanced (compared to saline-treated mice and to their own responses on day 25), although less pronounced in D 1 −/− mice. Enhanced locomotor responses were maintained in both genotypes when treated with amphetamine 1 day later (day 35) and when challenged after 11 days of abstinence. Therefore, under certain conditions, be it enhanced stress reaction as a result of a direct exposure to amphetamine without saline prehabituation, more intermittent treatment, or shorter abstinence periods, D 1 −/− mice were able to express sensitized responses to the same dose that previously failed to induce any effect in them after 3 weeks of abstinence. However, at this point, it was not clear which variable(s) had contributed to sensitized responses in these mice. Three explanations could be offered for the enhanced activity in D 1 −/− mice on day 33 and thereafter. First, it is important to note that D 1 −/− mice have basal hyperactivity (see Fig. 3 ) and all mice were tested during the dark period of the light cycle; therefore, it is possible that exposure to amphetamine, without the usual pre-habituation to the environment and injection procedure, might have caused an enhanced stress response that is ultimately expressed as increased locomotor activity, thereby exaggerating responses to amphetamine in amphetaminepretreated mice from both genotypes. However, based on our results from experiment 2, this possibility seems unlikely since D 1 −/− mice treated with amphetamine without prehabituation failed to develop locomotor stimulation or sensitization following repeated treatment for three consecutive days. The notion that the impact of the change in treatment regimen (as happened on day 33) vs. implementing it from the start might not be the same warrants further investigation. Second, a previous challenge with 0.55 mg/ kg amphetamine on day 27 (see diagram in Fig. 1 ) might have produced a sensitizing effect that was apparent only after 5 days of abstinence (day 33 but not day 27) in animals pretreated with amphetamine (1 mg/kg), thereby exaggerating the effects of subsequent amphetamine treatment on day 33 in both genotypes. However, the effect of initial exposure to a lower dose (day 1) might not be the same as following amphetamine pretreatment (day 27); therefore, further investigation is needed to directly assess this possibility and to determine if priming with a higher dose of amphetamine followed by a low-dose challenge 5-48 h later facilitates induction of behavioral sensitization in D 1 −/− mice. Third, the most likely explanation is accumulated shorter periods of abstinence between treatments. Taken together, these results suggest that although induction of sensitization was impaired in D 1 −/− mice, they were eventually able to express sensitized responses (to a less extent than in D 1 +/+ mice) only under certain conditions. This conclusion is supported by a recent study showing evidence of a partial sensitization to cocaine in D 1 −/− mice and suggesting that these mice can exhibit locomotor sensitization under certain conditions (Karlsson et al. 2008) . Additional studies will be required to determine if prolonged intermittent treatment during the acquisition phase facilitates induction of behavioral sensitization in D 1 −/− mice.
Based on the above results, we sought to determine whether the ability of D 1 −/− mice to express sensitization was due to prolonged intermittent treatment or a shorter abstinence period. By maintaining short-term treatment and changing the abstinence period to 11 days instead of 3 weeks, we have shown that although D 1 −/− mice failed to develop sensitization to amphetamine during three consecutive days of treatment, they eventually expressed locomotor sensitization when challenged after 11 days of abstinence. This suggests that three consecutive days of amphetamine treatment was enough to induce some sort of adaptation that was short-lived and maintained after 11 days (but not 3 weeks) of abstinence. Since D 1 −/− mice were shown to express sensitization after a short abstinence period, it suggests that the D 1 receptor system is not the only system that mediates locomotor responses to amphetamine. Indeed, it has been shown that the VTA is the primary anatomical site involved in initiation of sensitization, and many studies have reported that psychostimulant-induced adaptations in the VTA are transient (Wolf 1998; Vanderschuren and Kalivas 2000; Licata and Pierce 2003) and are evident at short withdrawal times, whereas those occurring in the nucleus accumbens are more persistent and in some cases are only detectable after longer withdrawals (Wolf et al. 1993 (Wolf et al. , 1994 . Thus, our data may suggest that the neuroadaptation occurring after a short withdrawal period could be transient and may involve different neuronal system(s) other than the dopamine D 1 receptor system. This is supported by studies that have found a significant increase in D2L mRNA in the VTA and dorsal striatum of C57BL/6J mice pretreated with amphetamine that positively correlated with their sensitized locomotor responses following 14 days of abstinence (Giordano et al. 2006) . Taken together, the findings from the above two experiments suggest that experimental variables related to frequency and duration of treatment and most importantly the length of the abstinence period were determining factors in the expression of amphetamine-induced sensitization in D 1 −/− mice. Nevertheless, taken at face value, the data suggest that in the absence of D 1 receptor-mediated effects, any of these variables was sufficient to induce limited neuroadaptation, possibly via the D 2 -like receptor or other neurotransmitter systems. However, there are two scenarios that could be proposed based on our data. First, induction of sensitization to low doses of amphetamine is critically dependent on D 1 receptor-mediated neuroadaptation, so lacking the D 1 receptor would impact the development of sensitization. Second, expression of sensitization could involve either D 1 -or D 2 -like receptors or both, as well as other systems depending on the treatment regimen and duration of abstinence. We infer that the D 1 receptor signaling pathways, particularly in the nucleus accumbens, may play a prominent and persistent role in the acquisition and expression of amphetamine-induced sensitization following short-term amphetamine treatment (three consecutive days) and after a long drug withdrawal period (3 weeks). Sensitization following prolonged intermittent treatment or a short abstinence period may involve other mechanisms acting in concert with the D 1 receptor so that absence of this receptor creates a shift towards dependence on these other mechanisms.
Amphetamine-induced gene expression
Prolonged exposure to amphetamine and cocaine has been shown to regulate the expression of several genes via striatal D 1 receptor mechanisms including transcription factors such as p-CREB (Konradi et al. 1994 ). An important role of D 1 receptor-mediated CREB phosphorylation appears to mediate adaptation to psychostimulant drugs in rat striatum (Konradi et al. 1994 ) and long-term neuroadaptive changes associated with drug dependence. In this study, having established that D 1 −/− mice exhibited attenuated responses to amphetamine during the acquisition phase, we investigated whether this deficit is caused by alteration in specific D 1 receptor-mediated expression of these genes. In naïve mice, the striatal basal expression level of p-CREB was significantly higher in D (Konradi et al. 1994; Cole et al. 1995; or amphetamine challenge in sensitized rats pretreated with a high-dose but not low-dose amphetamine (McPherson et al. 2007 ). Based on these findings, our results may suggest either that the pretreatment dose of amphetamine was not high enough to enhance the pCREB gene expression in D 1 +/+ mice or that there may be a differential time course of CREB activation and that it had partly recovered 2 h following treatment. Alternatively, it may be that expression of sensitization is less dependent upon striatal pCREB levels than during the development of sensitization.
Several neurotrophic factors have also been shown to modulate the induction and expression of psychostimulantinduced sensitization. In this study, we found that both genotypes had similar basal levels of BDNF expression in the striatum and amphetamine did not alter its expression in these mice. These results suggest that striatal BDNF level did not appear to contribute to amphetamine-induced locomotor effects nor was it impacted by dopamine D 1 receptor deletion. However, differences in regional expression of BDNF could have occurred but may have not been detected in this study.
Effect of nicotine pretreatment and nicotine receptor blockade on locomotor effects of amphetamine The contribution of the cholinergic system to amphetamineinduced locomotor sensitization was of a particular interest since numerous studies in rats have shown that ACh is critical for the development of behavioral sensitization (Heidbreder and Shippenberg 1996; Schoffelmeer et al. 2002) and that D 1 receptor agonists and amphetamine increase, whereas D 2 agonists decrease ACh overflow in the striatum (DeBoer and Abercrombie 1996; Acquas et al. 1997; Keys and Mark 1998 (Schoffelmeer et al. 2002) and therefore might suggest species differences or that extended daily treatment with higher doses is needed for adaptive changes to occur in these mice. Nicotine-induced locomotor depression observed in this study could be due to excessive ACh release or, alternatively, the result of nicotine stimulating GABAergic receptors or nicotinic cholinergic receptors located on the presynaptic dopaminergic terminals to transiently increase extracellular dopamine, thereby stimulating D 2 autoreceptors to result in subsequent inhibition of dopamine release. Although repeated nicotine pretreatment failed to produce locomotor sensitization in both genotypes, it augmented the acute locomotor effects of a low dose (0.7 mg/kg) of amphetamine in nicotine-pretreated mice from both genotypes relative to their saline-pretreated controls. However, these effects were more pronounced in D 1 −/− mice. This was demonstrated by the fact that in mice pretreated with saline, the initial exposure to amphetamine (0.7 mg/kg) produced either locomotor depression in D 1 +/+ mice or no effect in D 1 −/− mice. However, in nicotinepretreated mice, this dose of amphetamine caused locomotor stimulation in D 1 −/− mice that lasted for about 30 min and attenuated the locomotor depression in D 1 +/+ mice compared to their corresponding control groups. To validate that the enhancing effect of nicotine pretreatment on amphetamine was real and not an artifact, we then intentionally employed a regimen of amphetamine treatment that does not normally induce significant sensitization since the sessions were spaced weeks apart. Surprisingly, exposure to a second challenging dose of amphetamine (1 mg/kg) 5 days later enhanced locomotor activity in both saline-and nicotine-pretreated D 1 −/− mice to a similar extent, whereas the extent of locomotor stimulation was higher in nicotine-pretreated than in saline-pretreated D 1 +/+ mice. Therefore, these results suggest that nicotine pretreatment had indeed enhanced the responses to amphetamine in both genotypes, although to a greater extent in the D 1 −/− mice. Furthermore, these sensitized responses were maintained in both genotypes during subsequent intermittent amphetamine treatments. It is important to note that saline-pretreated groups were not naïve to nicotine since they were also intermittently challenged (six times) with nicotine over the course of the experiment (see diagram in Fig. 2) . However, enhanced locomotor responses to amphetamine in D 1 −/− mice, but not D 1 +/+ mice, pretreated with saline but intermittently tested with nicotine could reflect different cellular adaptations to nicotine exposure in the presence and absence of D 1 receptors.
These results suggest that either intermittent or prolonged nicotine administration was sufficient to cause some longlasting neuroadaptive changes in D 1 −/− mice that enhanced their responses to subsequent amphetamine treatment, whereas only prolonged nicotine pretreatment enhanced amphetamine-induced locomotor stimulation in D 1 +/+ mice. However, it seems intriguing that despite the lack of nicotineinduced locomotor sensitization, pretreatment with this drug was sufficient to enhance the locomotor stimulant effects of a low dose of amphetamine in both D 1 +/+ and D 1 −/− mice.
Previous studies reported that psychostimulant-induced locomotor sensitization is associated with an increase in ACh release from rat nucleus accumbens slices (Vanderschuren et al. 1999 ) and upregulation of the endogenous activation of nicotinic receptors (de Rover et al. 2004 ). Moreover, nicotine may stimulate the release of several neurotransmitters in various brain regions including ACh, dopamine, serotonin, GABA, glutamate, and norepinephrine (Gray et al. 1996; Wonnacott 1997; Fedele et al. 1998; Lu et al. 1998; Forster and Blaha 2000; Wu et al. 2000) . One possible mechanism by which nicotine may influence the locomotor effects of amphetamine is through modulating glutamate neurotransmission. For example, acute stimulation of central nicotinic ACh receptors has been shown to enhance the release of glutamate and dopamine in the nucleus accumbens (McGhee et al. 1995; Reid et al. 2000) and that NMDA and D 1 receptor antagonists prevent the development of sensitization to psychostimulants and opiates (Vezina 1996; Wolf 1998; Vanderschuren and Kalivas 2000) . Therefore, in the absence of D 1 receptor, one can postulate that prolonged direct manipulation of nicotinic-cholinergic activity could have caused a long-lasting neuroadaptation in glutamatergic neurotransmission that eventually enhanced locomotor effects of amphetamine, thereby bypassing the direct involvement of the D 1 receptor in behavioral sensitization to amphetamine. It has been shown that amphetamine-induced behavioral sensitization in rats can be blocked by the nicotinic antagonist mecamylamine (Karler et al. 1996; Schoffelmeer et al. 2002) . Therefore, we hypothesized that if nicotinic ACh receptors were involved in the induction of sensitization to amphetamines, then concomitant administration of the nicotinic receptor antagonist mecamylamine with amphetamine would attenuate amphetamine-induced sensitization. However, we found that co-administration of mecamylamine and amphetamine actually enhanced amphetamine-induced sensitization during repeated treatment only in D 1 +/+ mice and after 3 weeks of abstinence in both genotypes. This seemed paradoxical to our conclusion that nicotine pretreatment had led to enhanced sensitivity to amphetamine in both genotypes; however, several explanations could be offered. Since we found that nicotine caused locomotor depression in mice, this suggests that nicotine is exerting an inhibitory effect on locomotion either directly through increased ACh release or indirectly through GABAergic activation (Lu et al. 1998; Forster and Blaha 2000) . Therefore, blockade of the nicotinic receptor would relieve the inhibition and hence augment the behavioral effects of amphetamine. In support of this hypothesis, mecamylamine has been found to prevent nicotine-induced locomotor depression in mice (Tritto et al. 2004 ) and rats (Clarke and Kumar 1983; Stolerman et al. 1995) . In a preliminary experiment, we found that when nicotine is co-administered with amphetamine, it actually reduces the overall effect of amphetamine initially, and when a lower dose of mecamylamine (1 mg/kg) was given in combination with amphetamine, it enhanced the overall effect of amphetamine up to 70%, even though mecamylamine had no significant effect on activity when administered alone (data not shown). These data are supported by previous studies (Kuribara 1999) reporting that nicotine (0.03-1 mg/kg) dose-dependently reduced the progressive locomotor stimulation of methamphetamine. Further literature review revealed that there were both stimulant and depressant components to the effect of mecamylamine that are dose-dependent. For example, smaller doses of mecamylamine alone could significantly stimulate certain behav-iors in rats to the same degree as nicotine (Driscoll and Bättig 1973a) , whereas a depressant effect has been demonstrated with higher doses (Oliverio 1966; Driscoll and Bättig 1973b; Rodgers 1979) . In addition, peripheral effects of mecamylamine have been shown to mimic the actions of nicotine (Stolerman et al. 1973; Driscoll 1976) .
In summary, we have provided clear evidence that induction of locomotor sensitization to amphetamine was attenuated by the deletion of the dopamine D 1 receptor, whereas expression of amphetamine sensitization could be elicited under certain experimental conditions. This suggests that D 1 receptors were critical for the development of behavioral sensitization, but may not be necessary for the expression of this phenomenon. The manifestation of amphetamine sensitization depended on the frequency of treatment and length of the withdrawal period. Nicotine pretreatment enhanced acute locomotor stimulant and sensitizing effects of amphetamine in both genotypes. Therefore, blunted responsiveness to amphetamine in D 1 −/− mice during the acquisition phase could be reversed by prolonged or intermittent nicotine pretreatment. We further showed that lack of dopamine D 1 receptors had led to an adaptive increase in basal expression of pCREB in striatum. The present series of studies have highlighted the importance of intermittent vs. continuous drug exposure regimens and the effectiveness of shorter vs. longer periods of drug abstinence in the expression of behavioral sensitization in D 1 −/− mice. Although these experimental manipulations have contributed to the augmentation of locomotor responses to amphetamine in D 1 −/− mice, the consequences of direct modulation of the cholinergic system via nicotinic receptor activation on amphetamine-induced sensitization represent a novel and major finding that has great significance in addressing and understanding not only the neurochemical mechanisms underlying behavioral sensitization to amphetamine but also the possible relationship between the dopamine D 1 receptor and the cholinergic system in modulating the development of sensitization to amphetamine. These findings and their implications may provide key insights into the role of dopamine and dopamine D 1 receptors in the potential for psychostimulant drug abuse.
